by the kinetics of malate, succinate, and OAA oxidation. OAA did not inhibit malate oxidation, even when present at high concentrations. When cells were incubated with OAA or fumarate in the presence of C1402 , only the beta-carboxyl of residual OAA was found to be labeled. Evidence was obtained indicating that nicotinamide adenine dinucleotide (NAD) or nicotinamide adenine dinucleotide phosphate (NADP) are not directly involved in malate oxidation by cell-free extracts. The results suggest that malate oxidation in A. xylinum is irreversible, and is catalyzed by an enzyme which is not NAD-or NADP-linked. During the incubation of washed succinategrown Acetobacter xylinum cells with fumarate or L-malate, no cellulose was formed but considerable amounts of a keto acid accumulated in the medium. However, incubating such cells with succinate resulted in a net synthesis of cellulose, without the accumulation of a keto acid (Benziman and Burger-Rachamimov, 1962) .
The purpose of this investigation was to study the manner in which these dicarboxylic acids are metabolized in A. xylinum. A preliminary report of this work has appeared (Abeliovitz and Benziman, 1963) .
MATERIALS AND METHODS
Succinate-grown cells of A. xylinum, were grown and harvested as described previously (Benziman and Burger-Rachamimov, 1962) . Cellfree extracts were prepared by submitting cell suspensions to disruption in a Raytheon model DF 101 magnetorestrictive oscillator at 200 w and 10 kc per sec for 20 min. The sonic extract was centrifuged at 9,000 X g for 15 min in the cold, and the precipitate was discarded.
Oxidation experiments were carried out in a Warburg apparatus by use of standard manometric techniques (Umbreit, Burris, and Stauffer, 1957) . For other experiments, a Dubnoff metabolic shaker was used. All experiments were carried out at 30 C. Endogenous oxidation rates represented less than 5 % of total readings. Values reported were corrected for endogenous rates.
Substrates used were in the form of the potassium salts. Oxaloacetic acid (OAA) solutions were freshly prepared before each experiment.
For determination of reaction products, HCl was added to incubation mixtures to a final concentration of 0.2 N (unless otherwise indicated), and mixtures were centrifuged in the cold at 9,000 X g for 15 min. The supernatant fluid was kept in the cold until assayed.
Analytical methods. OAA was determined enzymatically with malic dehydrogenase as follows. Proper samples of deproteinized sample, 10 umoles of tris(hydroxymethyl)aminomethane (tris) base, 50 Amoles of tris-HCl buffer (pH 7.5), 0.2 umoles of reduced nicotinamide adenine dinucleotide (NADH), and 0.3 units of malic dehydrogenase were added to a glass cuvette (total volume 1.0 ml), and the optical-density changes at 340 m,u were determined spectrophotometrically (ENADH = 6.22 X 103). OAA was also determined manometrically by beta decarboxylation with Al3+ according to Krebs and Eggleston (1945) , and colorimetrically by the method of Kalnitsky and Tapley (1958) .
Total keto acids were determined by the direct method of Friedman and Haugen (1943) .
Succinate, isolated on a Celite column by the method of Swick and Wood (1960) , was determined with succinic dehydrogenase, by the spectrophotometric method of Rodgers (1961) .
Acetic acid, separated by steam distillation, was identified on the basis of mobility on paper, in a solvent system containing butanol-waterdiethyl amine (100:15:1, v/v; Jones, Dowling, and Skraba, 1953) . Reduction of 2, 6-dichlorophenolindophenol and ferricyanide was determined spectrophotometrically by changes in optical density at 600 and 420 mI,, respectively (Green, Mii, and Kohout, 1955; Slater and Bonner, 1952 Thompson (1953) , in solvent systems containing n-butanolethanol-0.5 N NH3 (7:1:2, v/v) or 0.1 M glycine, pH 7.8 (Virtanen, Meittinen, and Kunttu, 1953) . Separation of 2,4-dinitrophenylhydrazones on silica gel columns was done according to Aronoff (1956) , with a chloroform-n-butanol (15:88, v/v) 
RESULTS
Identification of the keto acid formed during malate or fumarate oxidation. Cell suspensions or cell-free extracts of A. xylinum were incubated with L-malate or fumarate. Treatment of the reaction mixtures with 2,4-dinitrophenylhydrazine, followed by paper chromatography in two different solvent systems (see Materials and Methods), revealed OAA as the only keto acid present in considerable amounts in the reaction mixtures. In all chromatograms, small amounts of pyruvic dinitrophenylhydrazones could also be detected.
That OAA is the keto acid accumulating in the reaction mixture, can also be concluded from the results shown in Table 1 . The values obtained for the amount of total keto acid are in good agreement with those obtained by the OAAspecific methods of determination and by the beta-decarboxylation method. Pyruvic acid was the only keto acid identified by paper chromatography, after beta-decarboxylation treatment of the reaction mixtures.
Oxidation of malate and fumarate. The time curves for OAA accumulation during oxidation of malate by whole cells and cell-free extracts of A. xylinum are shown in Fig. 1 ployed, the extracts are unable to oxidize acetate (see Neeman and Benziman, 1962) .
The time curves of OAA accumulation during oxidation of fumarate by whole cells and cellfree extracts were similar to those obtained when malate was the substrate. This is to be expected in view of the high fumarate activity present in the cells (Benziman and Burger-Rachamimov, 1962 Effect of OAA on malate oxidation. When extracts preincubated with ethylendiaminetetraacetic acid (EDTA) were allowed to oxidize malate, OAA accumalated at a constant rate (Fig. 3) , indicating that OAA does not inhibit malate oxidation.
Nonparticipation of exogenous NAD and NADP in malate oxidation. Addition of NAD or NADP had no effect on malate oxidation, even when a dialyzed extract was used (24 hr, against 0.04 M phosphate buffer, pH 6.0). When the standard spectrophotometric assay method for mammalian NAD-malic dehydrogenase was applied to extracts of A. xylinum, no oxidation of NADH or NADPH could be observed upon addition of OAA.
Stoichiometry of malate oxidation. Malate oxidation by extracts of A. xylinum could be coupled with the reduction of artificial electron acceptors. The stoichiometry of the reaction with oxygen, ferricyanide, or dichlorophenolindophenol as oxidants is shown in Table 2 . The results demonstrate that 1 atom of oxygen or 2 moles of ferricyanide were consumed, or 1 mole of dichlorophenolindophenol was reduced, per mole of OAA formed. The rates of malate oxidation in the presence of the different electron acceptors were of the same order of magnitude, with ferricyanide giving the highest rate of oxidation. On the other hand, the supernatant fluid obtained by high-speed centrifugation of extracts (100,000 X g, 30 min in a Spinco model L ultracentrifuge) showed low malate-oxidizing activity with oxygen, while it still possesed more than 50% of the original oxidizing activity with ferricyanide.
Kinetics of OAA accumulation. Whereas OAA accumulated during malate oxidation by extracts of A. xylinum, under the same experimental conditions exogenous OAA was rapidly utilized by these extracts (Fig. 4) by Weinman, Strisower, and Chaikoff (1957) .] Experiments were carried out in which cells were incubated with OAA or with fumarate in the presence of C1402. At the end of the incubation period, the reaction mixture was treated with 2,4-dintrophenylhydrazine, extracted, and chromatographed on paper. The chromatograms revealed the presence of only OAA and small amounts of pyruvate, of which only the former was found to be radioactive. In similar experiments (Table 3) , the distribution of C14 in the OAA remaining in the reaction mixture was determined. The results demonstrate that in all cases there was no detectable randomization of labeling in the OAA. Practically all the labeling observed in the intact OAA molecule was found in the beta carboxyl, whereas the moiety of OAA containing the alpha carboxyl was unlabeled.
The presence of fluoroacetate in the fumarate experiment increased the amount of OAA accumulated but did not effect the distribution of labeling within the OAA. DISCUSSION Malate oxidation in A. xylinum seems to be accomplished by a mechanism other than the NAD-linked malic dehydrogenase. This is deduced from the following observations. (i) Malate oxidation by extracts of A. xylinum is not affected by addition of NAD or NADP, and in the presence of OAA no oxidation of exogenous NADH or NADPH could be observed. (ii) Malate oxidation by extracts of this organism, was not effected by the presence of even high concentrations of OAA, whereas OAA at even low concentrations strongly inhibits oxidation of malate by the NAD-linked malic dehydrogenase (Ravel and Wolfe, 1963) .
In systems containing a NAD-linked malic dehydrogenase, OAA does not accumulate. Moreover, special assumptions were made to account for formation of enough OAA to maintain the high rate of malate oxidation, under physiological conditions, in mitochondria (Johnson, 1960) . The accumulation of OAA in the present system is readily explained if it assumed that malate is oxidized irreversibly by a NAD-nonlinked enzyme system.
That malate oxidation in whole cells of A. xylinum is not readily reversible is strongly suggested from the observed isotope distribution in residual OAA after incubation of cells with OAA or fumarate in the presence of C'402 (Table   3 ). This distribution points to absence of OAA equilibration with fumarate. Such equilibration should have occurred if malate oxidation in the cells was reversible, considering the high fumarase activity present in the cells. Equilibration of OAA with fumarate catalyzed by NAD-malic dehydrogenase and fumarase is the basis for explaining the observed isotope distribution in glycogen formed from pyruvate-2-C"4 or from pyruvate and C1402 (Wood et al., 1945; Topper and Hastings, 1949; Utter, 1959) , if pyruvate carboxylation, under physiological conditions, occurs via OAA as postulated by Utter (Utter and Keech, 1960; Utter, 1961) . Similarly, the observed distribution of labeling in propionate, formed by propionic bacteria from pyruvate-2-C'4 or in the presence of C1402, also demands conversion of OAA to malate. [See review by Wood and Stjernholm (1962) ; Allen et al. (1963) .] The inability of A. xylinum to equilibrate OAA with fumarate, explains our earlier observations (Benziman and Burger-Rachamimov, 1962 ) that exogenous CO2 failed to serve as a carbon source for cellulose, synthesized by these cells in the presence of pyruvate. This explanation is justified if pyruvate carboxylation to OAA is the first step leading to cellulose from pyruvate. The isotope distribution data of Table 3 excludes the malic enzyme as being involved in the OAA-CO2 exchange reaction in A. xylinum.
A malate-oxidizing system, which differed significantly from the NAD-linked malic dehydrogenase, was also reported by Krampitz, Wood, and Werkman (1943) and others (McManus, 1951; Cohn, 1956 ) to be present in Micrococcus lysodeikticus. To explain the accumulation of OAA during malate oxidation by preparations of M. lysodeiktwus, it was suggested that a "physiological OAA," differing from chemically prepared OAA, is the product of malate oxidation. However, we could explain the OAA accumulation which occurred in our system on the basis of the kinetics of malate and OAA oxidation (Fig. 5) . The evidence presented here (Table 1) leaves little doubt that OAA is the product of malate oxidation in A. xylinum. However, the possibility that the product is another compound, which is readily equilibrated with OAA, cannot be excluded.
As to the mechanism of a malate oxidation not involving NAD or NADP, Cohn (1958) obtained, during purification of such a system from M. lysodeikticus, an unidentified factor capable of stimulating malate oxidation. Kornberg and Phizackerley (1959) reported the existence in a Pseudomonas, of a particulate NAD-nonlinked malate-oxidizing system, oxidizing malate with oxygen, ferricyanide, or dichlorophenolindophenol. The oxidation with oxygen was cyanideand amytal-sensitive, whereas with dichlorophenolindophenol cyanide had no effect and amital inhibited the reaction. Preliminary experiments with a supernatant fluid obtained by highspeed centrifugation of extracts of A. xylinum indicated some similarities between the malateoxidizing system of A. xylinum and that of the Pseudomonas, in their reaction towards the abovementioned reagents. A better understanding as
